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a b s t r a c t
The aim of this study was to propose a novel method for reconstructing the external body envelope from 
the low dose biplanar X-rays of a person. The 3D body envelope was obtained by deforming a template to 
match the surface proﬁles in two X-rays images in three successive steps: global morphing to adopt the 
position of a person and scale the template's body segments, followed by a gross deformation and a ﬁne 
deformation using two sets of pre-deﬁned control points. To evaluate the method, a biplanar X-ray 
acquisition was obtained from head to foot for 12 volunteers in a standing posture. Up to 172 radio-
opaque skin markers were attached to the body surface and used as reference positions. Each envelope 
was reconstructed three times by three operators. Results showed a bias lower than 7 mm and a con-
ﬁdence interval (95%) of reproducibility lower than 6 mm for all body parts, comparable to other existing 
methods matching a template onto stereographic photographs. The proposed method offers the possi-
bility of reconstructing body shape in addition to the skeleton using a low dose biplanar X-rays system. 
1. Introduction
3D body scanning technologies are becoming accessible
making it possible to easily obtain 3D body shape (Daanen and
Haar, 2013; Liu et al., 2015). For instance, Park et al. (2015)
recently reported that full child shape could be measured with a
good accuracy using low-cost depth cameras and a statistical
body shape model. To create personalized human model with an
articulated linkage for re-posturing or movement analysis, an
accurate estimation of internal joint centers is required. Anato-
mical landmarks (ALs) generally need to be manually identiﬁed
on the body mesh so as to estimate joint centers. Not only the
palpation of ALs requires speciﬁc training, but this is also a very
time consuming process. Recently, methods were proposed to
automatically locate ALs on body shape scans by non-rigid model
ﬁtting (Yamazaki et al., 2013) or using a statistical shape model
(Reed et al., 2015). But relationships between ALs and joint cen-
ters are missing in general due to lack of in vivo data from human
beings (Reed et al., 1999). Therefore there is a need to collect data
which contains both external body surface and internal skeleton
geometries.
Recent development of low dose bi-planar X-rays (BPXr)
(Dubousset et al., 2010) allows the 3D reconstruction of subjects'
skeleton in an upright posture (Mitton et al., 2006; Humbert et al.,
2009; Chaibi et al. 2012; Quijano et al., 2013; Aubert et al., 2014)
while the skin contour is also visible on the radiographs. Using this
technology, Sandoz et al. (2010) proposed a method for recon-
structing the external body envelope. Eleven template meshes
representing the 11 different body segments were morphed on
skin contour and then combined to obtain an entire reconstruction
of the body. However the method was only validated on a few
male subjects and the separate reconstruction of different body
segments was a time-consuming process requiring a work day per
subject. Global morphing of a template mesh of the whole body
envelope would allow reduction of the reconstruction time.
The aim of the present study was to propose a new method for
reconstructing the 3D external body envelope from BPXr as well as
a procedure for its validation. A 3D surface mesh template was
morphed to match body surface proﬁles in two orthogonal BPXr.
The method was validated by comparing the reconstructed surface
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to the locations of up to 172 radiopaque markers uniformly attached
to the body skin surface on 12 participants.
2. Material and methods
2.1. Data collecting
After approval of the ethical committee (CPP 06036) and written informed
consent, 12 volunteers (6 males, 6 females, average age: 26.873.1, average BMI:
23.672.9 kg/m2) participated in data collecting. 172 radio-opaque markers (150 of
Ø 2 mm and 22 of Ø 5 mm) were uniformly placed on the participants' skin from
head to foot excluding the arms, including a hair cap with 10 markers. Participants
were asked to adopt a standard position (Steffen et al., 2010). Two calibrated
orthogonal BPXr (EOS Imaging, Paris, France) were simultaneously acquired in 18 s
(exposure parameters: 0.5 mGy, face radiograph: 90 kV, 190 mA, proﬁle: 105 kV,
250 mA).
2.2. Envelope reconstruction method
The 3D body envelope was obtained by deforming a template to match the
surface proﬁles in two BPXr. The template matching procedure included three
successive steps: global morphing to adopt the participant's position and scale the
template's body segments, followed by a gross deformation, and a ﬁne deformation
to ﬁt the template surface proﬁles to the X-rays. As the arms exceeded the acqui-
sition area, only an armless mesh was reconstructed.
Two reference templates were created corresponding to an average height
male (1.75 m, 70 kg) and female (1.68 m, 60 kg) in the EOS standing position whose
BPXr were available from a previous study. A male (12,035 nodes, 24,068 triangles)
and female ( 12,243 nodes, 24,484 triangles) artist representation from the
MakeHumanTM Open Source application 1.0.1. (The MakeHuman team, https://
www.makehuman.org) were initially used and manually deformed to match the
two reference subjects with help of the Blender software v.2.72b (Blender Foun-
dation, https://www.blender.org). Three sets of control points were pre-deﬁned on
the two templates (Fig. 1a) and successively used for the body envelope recon-
struction for each participant from his/her BPXr.
The ﬁrst set of control points contained the location of the crotch and 10 joint
centers in order to scale the body envelope template onto the participants' radio-
graphs. The corresponding points of a target participant had to be manually
identiﬁed on the radiographs by an operator (Fig. 1b). Then, they were used to
globally morph the template to the position of the participant by a moving least
square algorithm (MLS) (Cuno et al., 2007) providing an “as-rigid-as-possible”
deformation of the template model (called ‘global morphing’). The deformed
template was automatically projected on the two radiographs (Fig. 1c) together
with all control points.
The second set included 49 skin points, used to locally deform the envelope by
using MLS in the second step (called ‘ﬁrst deformation’). They were disposed on the
body parts of high shape variation between individuals such as the back of the calf
and the waist which depend on subjects’ weight and muscle structures. By
manually moving each of these skin control points, the template could be deformed
to grossly match the contour from the front and proﬁle radiographs. A pre-
customized surface model called “initial solution” could thus be achieved (Fig. 1d).
Finally an additional set of 71 points were proposed for a ﬁne deformation of
the template (called ‘ﬁne deformation’). They were once again located depending
on human shape variations which need a reﬁnement such as the buttocks curva-
ture and the abdomen bulge. Each of these 71 points could be dragged with help of
the mouse to control the local deformation of a body region using a kriging algo-
rithm (Trochu, 1993) (Fig. 1e).
2.3. Assessment of the reconstruction method
2.3.1. Reference points
Among 172 radio-opaque spherical markers stuck to the body surface, on
average 123 (713) markers per participant was automatically detected on the
radiographs using a pixel-wise comparison of the image with a reference pattern
(i.e. cross-correlation). They were used as reference points to evaluate the accuracy
and reproducibility of the reconstructed surface. Accuracy of the markers detection
method was assessed with an average error of 0.045 mm (2SDo0.06 mm). Because
of the markers' size, the marker skin contact point was deﬁned as the marker
center translated by the marker's radius in the direction normal to the external
surface of the reconstructed envelope. As the hair cap with markers worn by the
participants was not directly in contact with the skull, an offset of 5 mm (repre-
senting the average distance between skull and hair cap) was used.
2.3.2. Corrected envelope
To evaluate the error map, a reference envelope was obtained using the radio-
opaque markers as new control points by deforming the reconstructed envelope,
resulting in a corrected envelope passing through these reference points.
2.3.3. Bias and reproducibility
An inter–intra operator variability study was performed to evaluate the error
due to manual adjustments of control points. Three operators performed the
reconstruction of 12 participants three times. The instruction given to the operators
was to match the reference template to the two radiographic proﬁles as closely as
possible. All operators were trained with the help of an experienced person using a
sample set of six subjects' radiographs of different anthropometric dimensions
which were not used for the method's evaluation.
Bias and reproducibility variance of the method were assessed as recom-
mended by the International Organization for Standardization (ISO 5725-1-2).
 For each reference marker that was successfully detected, the bias was deﬁned
as the average signed point-to-surface distance between the reference radio-
opaque markers and the reconstructed surfaces obtained from all operators.
 For each participant i, the reproducibility variance (S2Ri) expressed the variability
in the mesh nodes distribution of reconstructed envelopes that is due to the
variability among operators. It involved the interoperator (S2Li) and intraoperator
Fig. 1. Reconstruction steps: (a) Prerequisite: allocation of control points on the template. Control point used for the global morphing (11 asterisks) and ﬁrst deformation (49
circles) steps are represented on the female template. (b) Manual identiﬁcation of the crotch and 10 joints centers for the global morphing step. (c) Projection and global
morphing of the model on the front and proﬁle radiographs: the template adopts the position of the person and body segments are scaled onto the participant's radiographs.
(d) Projection and manual positioning of 49 surface points on the skin proﬁles for the ﬁrst gross deformation step. (e) Adjusted model after the ﬁne adjustment step. (f) 3D
reconstruction of subject-speciﬁc body envelope. Bones reconstructions were added as an illustrative purpose of the possibility to obtain the external and internal geometry
of the body.
variances (S2ri):
S2Ri ¼ S2LiþS2ri
where S2ri was the mean of the variances of three reconstructions performed by
each operator (intraoperator variance); S2Li quantiﬁed the variance of the mean
reconstructions obtained between operators (interoperator variance)
Finally the global reproducibility variance (SR) over the n participants (n¼12)
was calculated as follow:
SR ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
i ¼ 1
SRi
2
n
vuuut
A conﬁdence interval at the 95% conﬁdence level (95% CI) was considered as
2*SR as an indicator of the global uncertainty.
3. Results
The bias was assessed for each subject using detected markers
and was comprised between – 6.7 and 2.3 mm (Table 1). Mean
(respectively max) marker-to-surface absolute distance was 4.9
(9.0) mm. 95% CI of reproducibility was smaller than 5.8 mm
(Table 1). Higher accuracy errors were distributed along the lateral
parts of the thorax and the abdomen compared to the middle area
(Fig. 2a). Regarding reproducibility, local maxima did not exceed
20 mm (Fig. 2b).
4. Discussion
A method allowing the reconstruction of the body envelope
from BPXr by matching a 3D body shape template was proposed in
this study. Reconstruction errors were comparable to other pre-
vious studies (Lin and Wang, 2012; Lee, 2000; Zhu et al., 2013),
with mean absolute values ranging from 8 to 13 mm. Moreover
with BPXr, both the external envelope and internal skeleton of the
whole body become accessible from a same set of images (Fig. 1f)
while other medical imaging techniques such as MRI (Bauer et al.,
2007; Cheng et al., 2000; Mungiole and Martin, 1990) or CT-Scan
(Huang and Suarez, 1983; Pearsall et al., 1994) can only generate
partial reconstructions due to high cost, long post-processing and/
or exposure to radiation. In addition this method allows strai-
ght-forward identiﬁcation of ALs for joint centers estimation by
projecting subcutaneous bony landmarks on the envelope surface.
This approach was implemented in a preliminary study (Nérot et
al., 2015) for hip joint center (HJC) prediction proposing new
predictors from the body surface in addition to commonly used
ALs. Parameters such as distances between anatomical landmarks
(ALs), barycenter of the body segments or elliptic shape descrip-
tors at the section of the anterior superior iliac spine, were used as
predictors. Results were comparable or even better than other
existing methods which require the accurate location of some ALs
based on manual palpation.
The proposed method allows for template scaling which makes
it not sensitive to subject's height and weight. A very different
body shape from the template may require more time to get a
good ﬁtting. In our test sample of 6 males and 6 females with
different height and weight (Table 1), high errors in reconstructed
envelopes were not observed for extreme height and weight par-
ticipants. Work is in progress to evaluate the method for an elderly
population whose overall posture and surface contour may be very
different from that of the template used in the present study. If
necessary, additional templates and/or control points could be
added for a better matching with the target subject's contour,
requiring more time for the morphing process.
However, it should be mentioned that the EOS bi-planar X-ray
system is limited to 34 cm in width for the radiographic acquisi-
tion. The front view of the medial and lateral contours of the torso
was frequently missing even for fairly lean participants. Missing
contours were approximately interpolated using visible contours
yielding higher reconstruction errors. Improvement of the met-
hod could consider estimating the missing information based on
statistical shape models.
Another limitation is that template matching is operator dep-
endent and still a time consuming process. Even though the
reconstruction time was drastically reduced to 20 min compared
to the one proposed by Sandoz et al. (2010), matching the control
points on the radiographic proﬁles remained mostly manual.
Therefore operator training (approximately 5 h) is necessary to use
the software, especially for better handling of available control
points. Work is in progress for automatic contour detection from
the images for a less operator dependent process.
As conclusion, the proposed method allows for simultaneously
collecting the external envelope and internal skeleton on a broad
population. It opens the way to a large exploration for locating
joint centers from the characteristics of external body shape in
addition to the traditional ALs for a more accurate prediction of
internal skeleton location.
Table 1
Bias and total uncertainly (95%CI repro) per subject and body region (mm): bias was considered as the average signed point-to-surface distance (7standard deviation)
between the reference radio-opaque markers and the reconstructed surfaces obtained from all operators; 95% CI of reproducibility (repro) (corresponding to 2*SR) provides
an indicator of the global uncertainty on mesh nodes distribution due to the variability among subjects (in mm).
Subject Height Weight Thorax Abdomen Head Thighs Lower legs Feet
Men 1 1.88 84.4 1.779.1 0.977.1 3.672.3 1.076.0 1.773.9 3.072.6
2 1.75 69.1 1.878.6 2.3711.1 1.373.2 1.575.6 3.474,0 3.772.9
3 1.82 76.5 1.0711.3 0.876.9 0.873.5 2.575.6 2.673.3 5.373.5
4 1.87 88.1 0.5711.8 1.6710.3 1.576.7 1.576.1 3.373.6 3.573.3
5 1.87 103.3 1.5710.7 0.178.6 2.277.1 3.276.5 4.873.6 6.574.5
6 1.75 63.2 1.177.1 0.876.5 0.873.5 2.775.4 6.773.6 1.577.7
Mean bias 0.70 0.8 1.7 2.1 3.8 3.9
95% CI repro 5.8 4.9 4.0 2.9 3.0 3.7
Women 7 1.74 64.3 0.575.7 0.275.8 1.776.4 1.273.9 3.272.5 2.273.9
8 1.66 55.1 0.178.5 0.674.4 2.873.8 1.474.0 3.272.4 2.672.8
9 1.63 60.7 1.978.5 2.276,0 1.172.5 2.474.5 4.273.2 1.375.7
10 1.62 74.5 5.775.6 3.876.7 1.972.4 3.974.3 3.672.1 3.972.6
11 1.65 59.1 1.179.9 1.577.8 2.473.2 2.274.6 4.373.1 4.073.8
12 1.63 65 1.577.1 1.176.1 2.874.1 2.974.7 3.472.3 3.473.6
Mean bias 1.4 1.5 1.6 2.4 3.7 2.9
95% CI repro 1.2 5.9 4.1 3.7 3.5 4.6
All Mean bias 0.4 0.4 1.6 2.2 3.7 4.0
95% CI repro 0.9 5.4 4.0 3.30 3.3 4.1
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